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Summary Temporal and spatial relationships between radiation-induced apoptosis and expression of p53
mRNA and protein were compared in rat small and large intestine. Apoptosis was quantified using
morphological criteria, and p53 expression determined by immunohistochemistry or whole-tissue Northern
analysis. In the small intestine, peak levels of apoptosis appeared earlier (4 h) than in the large intestine (6 h).
p53 mRNA transcript levels in small and large intestine were not significantly altered from control levels at any
time after treatment. However, in treated small and large intestine, cells showed increased positivity for p53
protein, increasing 10-fold over control levels 4-5 h after irradiation. A strong spatial relationship was found
between high incidence apoptosis and p53 protein positivity. We compared published data of stem cell
population positions for small and large intestine with our results. Target cells for apoptosis and p53 expression
occurred at approximately fifth position from the crypt base of the small intestine, a zone coincident with stem
cell population. Target cell position for apoptosis and p53 expression in the large intestine was again at fifth or
sixth position from the base, but this zone is not the reported stem cell position (first or second position) for
large intestine. Results from our model of radiation-induced intestinal apoptosis indicate that p53 protein is
closely associated both temporally and spatially with the induction of apoptosis, and support the work of
others in suggesting that p53 expression is modulated post-transcriptionally. Furthermore, our results support a
hypothesis that apoptotic targeting of damaged stem cell populations, early response for apoptotic removal of
DNA-damaged cells and/or early repair of these damage cells are all important parameters that determine
differences in levels of tumorigenesis in the small and large intestine.
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Despite the morphological similarity between the small and
large intestine, there is a higher incidence of cancer in the
latter, with relatively few cancers occurring in the small
intestine. The small and large intestine have been relatively
well investigated regarding induction of apoptosis and its role
in tumorigenesis (Li et al., 1992; Potten, 1992; Potten et al.,
1992; Merritt et al., 1994). Previous studies have established
that apoptosis induced by various agents occurs with greater
incidence in the small intestine compared with the large
intestine (Ijiri and Potten, 1983; Li et al., 1992; Potten et al.,
1992). These results, in turn, have led to a hypothesis that
apoptosis accounts for a more effective removal of epithelial
cells with damaged DNA in the small intestine compared
with the large intestine, and that this may explain the
difference in incidence of cancers of the two tissues. There
are, however, few molecular studies that provide support for
such an hypothesis (Clarke et al., 1994; Merritt et al., 1994).
Several recent publications using mice lacking p53, or
having wild-type p53, have demonstrated that radiation-
induced apoptosis of intestine epithelial cells requires wild-
type p53 for its occurrence (Clarke et al., 1994; Merritt et al.,
1994). Although some reports dispute the importance of p53
in apoptosis induced during certain physiological and
pathological states (Berges et al., 1993; Clarke et al., 1993),
there is now strong evidence for a positive link between
expression of p53 and induction of apoptosis in many other
instances (Donehower et al., 1992; Clarke et al., 1993; Lowe
et al., 1993; Zhang et al., 1994). As well, wild-type p53, lately
recognised as a 'guardian of the genome', regulates DNA
replication and repair (Lane, 1992).
The purpose of the present study was to characterise the
spatial and temporal relationship between p53 and apoptosis
after radiation-induced DNA damage in the small and large
intestine. Frequency and localisation of p53-positive and
apoptotic cells were compared in the two tissues. One of the
novel aspects of our study was the comparison between the
previously-reported localisation of stem cell populations of
the small and large intestine, and cells targeted for apoptosis
and p53 expression.
Materials and methods
Laboratory animals
Male Sprague-Dawley rats, weighing 320-350 g, were used.
Animals were housed in temperature- and humidity-
controlled conditions. They were kept on a 12 h light
(06.00-18.00 h) 12 h dark (18-06.00 h) cycle, and were
given food and water ad libitum. The experimental protocol
was approved by the University of Queensland Animal
Experimentation Ethics Committee. Four control and four
treated animals were used for each experimental time, and
four control animals were used at the start of experiments
(O h).
Irradiation
Irradiation was carried out using a Toshiba Therapy X-ray
unit which was operated at 200 kV and 14 mA, with 2.0 mm
aluminium filter. A dose rate of 1.7 Gy per min was
administered, with a total dose of 2 Gy. Lead shielding was
used to protect the head and upper body region. Irradiation
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was performed between 09.00 h and 10.00 h to account for
circadian rhythm (Ijiri and Potten, 1988, 1990).
Tissue preparation
The control and treated rats were sacrificed under sodium
pentobarbitone (Nembutal) anaesthesia at 0 h (no treatment)
and then at 0.5, 1, 2, 4, 6, 8, 12 and 24 h after irradiation.
The small intestine and colorectum were removed, cleaned in
sterile isotonic saline, cut and either fixed in 10% formal
saline at 4°C overnight or flash frozen in liquid nitrogen for
subsequent RNA extraction. Fixed samples were dehydrated
in graded ethanols before paraffin embedding. Sections were
cut at 4,m for haematoxylin and eosin (H&E) staining and
for immunohistochemical localisation of p53.
Counts of apoptosis
For analysis of intestinal crypts, the term 'crypt' was defined
as the row of cells located on one side of a longitudinally
sectioned crypt. Fifty crypts were selected for analysis from
each of the four rats per group, using methods detailed in
previous reports (Arai et al., 1989, 1996). The incidence of
cell death was quantified by counting the number of dead
cells in the crypt. The distinctive morphological features of
apoptosis, as described by Kerr et al. (1994, 1995) and
Walker et al. (1988), were used to recognise apoptotic cells,
and any doubtful cells were disregarded. Small clusters of
dead cell fragments were assessed as originating from one cell
and given a single count. We chose not to use the new
method of end-labelling DNA strand breaks associated with
apoptosis with biotin-labelled dUTP (Gavrieli et al., 1992).
Kerr et al. (1995) suggest that use of morphological criteria
for identification of apoptotic cells is more reliable than the
end-labelling technique. As well, previous work by us (Gobe
et al., 1995) and others (detailed in Grasl-Kraupp et al., 1995)
has shown that cell labelling occurs in early necrotic change
and sometimes in mitotic nuclei, both of which are known to
have DNA strand breaks, albeit transiently in mitotic cells,
and that end-labelling results must be used with caution for
assessment of levels of apoptosis.
Preparation of cDNA encoding rat p53
The rat cDNA probe was synthesised from 5 ug of total
RNA extracted from the rat prostate after castration. A 769
basepair fragment of rat p53 cDNA (Soussi et al., 1988) was
amplified by PCR using the sense primer 5'-ATATTCTGCC-
CACCACAGCGAC-3' and antisense primer 5'-TTTCTTCC-
TCTGTCCGACGGTC-3'. Reactions were carried out in a
volume of 40 Ml and consisted of 1 MuI of rat cDNA, two
primers (sense and antisense, S ,UM each), 250 ,UM deoxy-
ribonucleotide triphosphate (dNTPs), 1 x standard PCR
buffer, 1.5 mM magnesium chloride and 1 unit of Taq
polymerase (Promega Biotec, USA). The samples were
overlaid with mineral oil and subjected to 30 cycles of
amplification in a Perkin-Elmer thermal cycler. Before the
first cycle, the samples were denatured at 94°C for 4 min. The
standard temperature profile of the cycles was as follows:
denaturation at 94°C for 45 s, annealing at 55°C for 45 s and
extension at 720C for 2 min. The last extension step was
carried out at 720C for 10 min.
Extraction of RNA and Northern blot analysis
Total RNA was extracted from a series of flash frozen tissue
obtained from untreated and treated rats at sequential
intervals after irradiation, using a routine guanidinium
thiocyanate method. Total RNA (20 jug) from each time
point was electrophoresed in a 1.2% formaldehyde-agarose
gel and transferred by capillary blotting onto a Hybond
N+membrane (Amersham International, Australia). The
membranes were hybridised to rat p53 cDNA probe labelled
with [oa32P]dCTP by the random primer method (Sambrook et
al., 1989). Loading of RNA gels was monitored by levels of
ethidium bromide stain in gels, and reprobing the membranes
with [a-32P]-labelled probe for fl-actin. Intensity of autoradio-
graphic bands was measured by densitometry using an
ImageQuant (Molecular Dynamics, USA). Level of p53
transcript was adjusted for variation in the intensity of /3-
actin (loading control).
Immunohistochemical analysis ofp53 protein
Endogenous peroxidase in sections was blocked by treatment
with 0.3% hydrogen peroxide in methanol for 15 min. The
sections were heated at 100°C for 10 min using microwave
antigen-retrieval treatment (Bankfalvi et al., 1994). Slides
were immunostained using a labelled streptavidin-biotin
method. Rabbit p53 polyclonal antibody (Ab-7, Oncogene
Science, USA), streptavidin-horseradish peroxidase (Vector
Laboratories, USA), and diaminobenzidine chromogen
(DAB) were used. Counterstaining was with haematoxylin.
Cells positive for p53 were identified by brown staining
nuclei, whereas p53-negative nuclei were pale blue. Negative
control slides were treated with non-immune serum in place
of the p53 antibody. Background staining of nuclei with
DAB was not seen.
Analysis of the distributions of apoptoticfragments and p53-
positive cells
The distribution of apoptotic fragments or p53-positive cells
for each cell position was obtained. In order to compare the
distribution of apoptotic fragments with that of p53-positive
cells, three parameters were calculated that describe each
distribution: (1) a measure of central tendency, the median
cell position (Xmed) and the mode cell position of the
distribution; (2) a measure of the spread of the right half
of the distribution (the standard deviation of the right half,
°r); and (3) a similar measure of the spread of the left half of
the distribution (al). These were calculated as described by
Ijiri and Potten (1983). Median values were plotted against
time after treatment to obtain a regression line which could
be extrapolated back to time zero (to). From these
calculations, the median value of the target population
susceptible to radiation-induced apoptosis at time t= 0 could
be assessed. These methods are described in detail by Potten
et al. (1992).
Statistical analysis
Data were analysed by the Student's t-test and the Mann-
Whitney U-test with a significance limit set at P<0.05
(Ichihara, 1990).
Results
Apoptotic indices
Figure 1 is a temporal comparison of the mean apoptotic
index (mean apoptotic cells per crypt) in small and large
intestine after 2 Gy irradiation, for four animals at each time
point. The data for rats sacrificed at 09.00 h without any
treatment (baseline level) are shown as the 0 h value. The
control level (0 h) for the small and large intestine was
0.04+0.01 and 0.01+0.00 apoptotic cells per crypt respec-
tively, and these counts did not differ significantly from
apoptotic counts in tissue from the control animals collected
at each time point. After irradiation, an increased incidence
of apoptotic cells from the control level was first observed at
2 h in the small intestine. At this time, the apoptotic index in
the small intestine was significantly higher than that in the
large intestine (P<0.01). Apoptotic indices peaked at 2-4 h
in the small intestine compared with 6-8 h in the large
intestine, indicating an earlier response to irradiation in the
small intestine compared with the large intestine. The
averages of the highest incidence of apoptotic cells werea
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Figure 1 Temporal alterations of mean apoptotic indices
(apoptotic index, number of apoptotic cells per 'crypt'. 'Crypt',
row of cells on one side of a longitudinally sectioned intestinal
crypt) in the rat small (El) and large (0) intestine after 2Gy
irradiation. Time 0h represents control levels, which did not differ
significantly from this level throughout the 24h of experimenta-
tion. Error bars represent one s.d. from the mean result obtained
from four rats per data point.
5.03 cells per crypt (range, 4.20-5.74) at 4 h in the small
intestine, and 4.56 cells per crypt (range, 3.04- 5.46) at 6 h in
the large intestine. Apoptotic indices declined to low levels
again by 24 h.
Expression ofp53 mRNA
Figure 2a shows representative Northern blots of control and
irradiated tissue from the small and large intestine. p53
mRNA transcript was detected in control tissue of both small
and large intestine (Figure 2a, lane 0). Densitometric analyses
of p53 transcript levels corrected for loading levels (Figure
2b) indicated that p53 mRNA expression in the small and
large intestine was reduced to approximately half of control
levels by 8 h post-irradiation. In the large intestine, there was
a trend for decreased expression that was not significantly
different from the small intestine (P>0.1) when densitometry
from all blots was averaged and analysed. An insignificant
transient increase (P>0.1) in p53 mRNA over control levels
at 4 h post-irradiation was seen. In summary, neither tissue
showed a significant increase in p53 expression.
Expression ofp53 protein
Expression of p53 protein in small and large intestine after
irradiation was evaluated by immunohistochemistry (Figures
3a and b, Figure 4). In the control small and large intestine,
few intestinal cells showed p53 antigenicity, and pattern and
level of p53 immunolocalisation did not differ among the
control sections for the 24 h of the experiment. Level of
labelling in control sections is indicated at 0 h in Figure 4.
Numerous positive cells were detected in the small and large
intestine of the irradiated rats (Figure 3a and b respectively).
p53 nuclear protein was found in viable epithelial cells of the
small and large intestine. No positive staining was shown on
the nuclear fragments of apoptotic cells. Occasional
pericryptal fibroblasts or lymphocytes scattered in the
lamina propria had positive staining (data not shown).
Figure 4 details the frequency of p53 positivity, and shows
that increases in p53 protein levels were detectable 30 min
after irradiation, reaching a peak 4 h after irradiation, before
reducing to normal levels by 24 h. In the small and large
intestine, the time course of p53 positivity correlated well
with the apoptotic index (detailed in Figure 1), although in
the large intestine some discrepancy in the correlation was
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Figure 2 (a), Representative autoradiographs from Northern
blots showing expression of p53 and ,B-actin mRNA transcript
levels in the small intestine (upper series) and large intestine
(lower series). Total RNA (20gg), extracted from the intestine at
various time points in controls and after irradiation, was
subjected to electrophoresis, transferred to Hybond N+ film,
and hybridised with 32P-labelled probe for rat p53 or f-actin. (b),
Graphic representation of densitometry that was used to analyse
expression of p53 against the f3-actin loading controls. After
adjustment for equal loading in each lane, means of p53 mRNA
were not significantly increased over control levels during
observation. Error bars represent one s.d. from the mean.
seen. In most experiments, 6- to 10-fold increases in p53-
positive cells were noted after 2 Gy irradiation. Although the
incidence of p53-positive cells in the large intestine was
generally lower than that in the small intestine, there was no
significant difference between corresponding values, except at
8 h after irradiation (P<0.05).
Distribution ofapoptotic andp53-positive cells and their
relationship
The distribution ofthe apoptotic cells and p53-positive cells at
each time point is shown in Figure 5. Distribution was often
symmetrical, slightly skewed to the right in the small intestine,
and strongly skewed to the right in the large intestine. It is
notable that marked increase of p53 protein was observed
30 min after irradiation whereas the number ofapoptotic cells
was not increased at this time point. The peak positions ofp53-
positive cells were similar to those of apoptotic cells in both
small andlarge intestine. These data are summarized in Table 1.
The positions of target cells of the apoptotic process and p53-
positive cells were 5.3 + 1.0 and 5.2+0.9 in the small intestine
p53 and apoptosis in irradiated intesdne
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Figure 3 Immunohistochemical appearance of p53 protein
expression in (a) the small intestine and (b) the large intestine
of irradiated rats. Arrows indicate the p53-positive cells, which
mainly distribute above the Paneth cell region in the small
intestine and at the bottom of the crypt in the large intestine.
Sections from control animals (not demonstrated) showed very
little positivity.
respectively, and 5.5 +0.8 and 6.0+ 1.4 in the large intestine
respectively. There were no significant differences between
target cell positions ofthe apoptotic cells and p53-positive cells.
These findings demonstrated that in the small intestine the
position of apoptotic and p53-positive cells and reported stem
cell position (cell position 4-5) were coincident, whereas in the
large intestine the stem cell population (cell position 1 -2) was
not coincident with target cell population after radiation
treatment.
Discussion
There are now several papers that demonstrate the
importance of wild-type p53 in modulation of radiation-
induced apoptosis in the gut (Clarke et al., 1994; Merritt et
al., 1994). However, detailed information on the localisation
of p53 expression is scant. In the present study, we have
examined and compared the temporal and spatial alterations
in p53 expression at various time points after irradiation in
the rat small and large intestine.
Our results show increases of up to 10-fold over control
levels in p53 protein in both small and large intestine. In
comparison, p53 mRNA, measured by Northern blot, was
not significantly altered. Northern blot methodology may be
insufficiently sensitive to detect changes in mRNA expression
when relatively small numbers of cells are involved. However,
0 5 10 15 20 25
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Figure 4 Temporal alterations of p53 protein expression (mean
number of p53-positive cells per 'crypt') in the rat small (Li) and
large (0) intestine after irradiation. Note that there are up to 10-
fold increases in the p53-positive cells observed at 2-4h after
irradiation, which parallel the incidence of apoptosis shown in
Figure 1. Error bars represent s.d. from the mean.
there are reports that have clearly demonstrated post-
transcriptional regulation of p53 in DNA damaged cells
(Kastan et al., 1991; Lu and Lane, 1993). Thus, the disparity
between p53 mRNA and protein expression found in the
present study may be explained by involvement of post-
transcriptional control mechanisms. Such post-transcriptional
control is important. Rapid production of new protein would
be possible from original non-damaged DNA, and produc-
tion of new mRNA from potentially irradiation-damaged
DNA template would become unnecessary or diminished.
Alterations in p53 protein levels were very rapid, peaking
within 4 h in both the small and large intestine, and then
reducing to approximately normal levels at 24 h. In
comparison with our results using X-ray irradiation,
increased p53 protein levels were reported to be detectable
for at least 20 days after UV radiation (Fritsche et al., 1993;
Hall et al., 1993; Lee and Bernstein, 1993; Lu and Lane,
1993; Nelson and Kastan, 1994). It is possible that the role of
p53 protein in these two examples differs, or that the stimulus
for p53 expression is important in conferring different types
of p53 protein stability. Accumulation or retention of p53
protein may occur because of factors that increase protein
stability, such as phosphorylation, protein-protein binding
or oligomerisation of p53 (Kastan et al., 1991).
Wild-type p53 appears to be crucial for DNA damage-
induced apoptosis (Clarke et al., 1993, 1994; Lowe et al.,
1993; Merritt et al., 1994). Its increased expression is also
necessary for induction of apoptosis in other tissues (Yonish-
Rouach et al., 1991; Shaw et al., 1992; Ryan et al., 1993).
Our data have demonstrated that an increase in p53 protein
expression preceeded the occurrence of apoptosis in vivo.
Thus, p53 expression is temporally related to the induction of
apoptosis in our model, although the spatial correlation was
not so easily analysed. p53 protein was not detected in the
fragmented nuclei of apoptotic cells and bodies, but rather on
the nuclei of viable epithelial cells. In this case, the role for
p53 may be cell cycle arrest and repair of damaged DNA in
the surviving cell population (Ryan et al., 1993; Yonish-
Rouach et al., 1993). Thus, p53-positive cells may consist of
two kinds: cells undergoing apoptosis and surviving cells
undergoing DNA repair.
Despite similarities in structure, pathophysiological differ-
ences between small and large intestine have been recognised
for many years. We have recently demonstrated that clusterin
mRNA is extensively expressed at the lower part of the small
intestinal crypt, whereas it is diffusely observed in the largep53 and apoptosis in irradiated intestine
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Figure 5 The distribution of mean percentage of apoptotic cells (El) and p53-positive cells (0) in the intestinal crypts of the
untreated and irradiated rats. The distribution of apoptotic cells is closely correlated with that of p53-positive cells in both small
intestine (a) and large intestine (b). Distribution ofboth parameters is mostly symmetrical, although a slight skew to the right is seen
in the small intestine, and a more pronounced skew to the right in the large intestine, ofoccurrence ofapoptosis over p53-positivity.
Table I Summary of data for the median (Xmed) and mode values at the various time points (2-8h after irradiation) in the small and large
intestine
Small intestine Large intestine
Cells Position of Position of target Position of Position of target
examined ar aj Xmed mode at 2-8h cells at t=0 Ur O1 Xmed mode at 2-8h cells at t0=
Apoptotic 5.5+0.4 3.7+0.3 6.9+0.6 2-8 5.3± 1.0 5.7+0.4 3.5+0.4 5.9+0.5 1-3 5.5±0.8
cells
p53-positive 5.3+ 1.2 2.0± 0.3 4.5+0.5 3-5 5.2+0.9 5.3+ 1.1 2.4+ 0.8 4.1 ± 1.2 2-3 6.0+1.4
cells
intestine (Arai et al., 1996). Those results, results from the
present study and reports from other workers (Ijiri and
Potten, 1983; Ijiri, 1989) indicate that there is a more defined
hierarchal formation in the small intestine than in the large
intestine. Differences in the apoptotic rate among the various
parts of the intestine have been reported (Ijiri, 1989; Ijiri and
Potten, 1988, 1990). Apoptosis occurred more frequently in
the small intestine than in the large intestine in response to
irradiation. In contrast, the response to a different tissue
insult, dimethyl hydrazine (DMH), gave inverse results.
Although our results displayed no significant difference
between the peak levels of the apoptotic indices in the small
and large intestine, the response to irradiation in the small
intestine appeared earlier than that seen in the large intestine.
Our results do, however, indicate a close link between p53
expression and apoptosis, in that we found levels ofapoptosis
and p53 protein to be proportional. Thus, our data support a
hypothesis that p53 function is essential for cellular response
to radiation-induced DNA damage.
In a further attempt to define differences in response to
irradiation in the small and large intestine with respect to
differences in tumorigenicity, we compared published data of
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stem cell population positions with our results showing
positions for cell death and p53 expression. In the small
intestine, the target cells for radiation-induced apoptosis were
calculated at cell position 5-6, being in accord with results
from other investigators (Ijiri and Potten, 1983; Li et al.,
1992), and the target cell position for p53 expression was
similarly placed. This position is also reported to house the
stem cells of the small intestine (Potten, 1992). In the large
intestine, the target cell population for apoptosis and p53
expression was again located at cell position 5-6. The stem
cell in the large intestine is, however, postulated to be located
at cell position 1-2 (Potten, 1992). Consequently, the
occurrence of apoptotic cell deletion and p53 expression
had shifted upwards from the stem cell population in the
large intestine. Thus, radiation-damaged stem cells might be
more effectively removed in the small intestine than in the
large intestine. Radiation-damaged stem cells may tend to
remain at the base of the large intestine and be related to
later tumorigenesis.
In a recent substantial paper on p53 expression in
spontaneous and radiation-induced apoptosis in the gut,
Merritt et al. (1994) surmised that the colon (large intestine)
lacked or had diminished function that would normally lead
to apoptotic deletion of damaged cells. One significant
difference between their results and ours, however, is that
in our model expression of p53 protein in the large intestine
was generally lower than that in the small intestine, whereas
there was no significant difference between the incidence of
apoptotic cells in the small and large intestine. The disparity
between similar apoptotic indices in both intestines and
weaker p53 accumulation in the large intestine indicates that
an assumption that most p53-positive cells would undergo
apoptosis is simplistic. Another aspect for consideration is the
ability for DNA repair which may be weaker in the large
intestine compared with the small intestine, such that in the
large intestine the damaged cells are not only less effectively
removed, but also less effectively repaired, leading to a higher
incidence of tumorigenesis in this tissue.
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